We propose that this region specifies a stimulatory interaction between the mRNA and l6srRNA besides the Shine-Dalgarno interaction during the translation initiation step.
INTRODUCTION
In recent years it has become increasingly evident that RNA plays an important functional role in many cellular processes including translation (1) . The translation initiation region (TIR) in E.coli mRNA is characterized by the start codon and the Shine-Dalgarno base pairing of a region upstream of the gene's coding sequence with the 3'end of the 16srRNA (2) . However, these domains are not sufficient to define an efficient TIR (3) . Additional sequences and structures are required. How translation is affected by mRNA sequences upstream of the Shine-Dalgarno region or downstream of the start codon is not quite clear. A nonrandom distribution of nucleotides in this region, revealed by statistical analysis (3, 4) , indicates that these sequences carry additional information in their primary structure for the efficiency of the initiation signals (5) . To discern the requirements for a strong initiation site it is necessary to dissect highly active TIRs and to analyze the effects of the different parts. Gene 0.3 of the E.coli phage T7 is most actively expressed. It successfully competes with host mRNAs for ribosomes and initiation factors (6) and is therefore well suited for such investigations. We have attempted to localize the sequences contributing to the activity of this gene's TIR by cloning DNA fragments of different length around the translation start site into the same position of a plasmid pDSl derivative (7) , namely in front of the mouse dihydrofolate reductase gene (dhfr). This eukaryotic gene does not have a TIR active in E.coli and its protein is tolerated in high amounts by bacterial cells. An increase in activity of almost two orders of magnitude was observed when a sequence downstream of the T7 gene 0.3 start codon from +9 to +37 nucleotides was present. The main contribution to this efficiency increase was due to nucleotides +15 to +26, a sequence complementary to nucleotides 1471 to 1482 of the 16srRNA, suggesting a second mRNA-rRNA base pairing contact besides the Shine-Dalgarno interaction.
MATERIAL AND METHODS Material
All chemicals were of the highest grade commercially available. Radiochemicals were purchased from Amersham-Buchler, BamHI linkers were from PL-Biochemicals.
Bacterial strains and plasmids E.coli JM 101 (8) was the host strain for all plasmids. Cells were grown at 37°C in LB medium (9) supplemented with 0.1 mg/ml ampicillin. In a derivative of the pDSl plasmid (7) (Fig. 1 ) the dihydrofolate reductase (dhfr) gene was under the transcriptional control of the bacteriophage T5 promoter N25 with two lac operators in position 03 and 04 (11) . From the cat gene 450 base pairs were deleted with Bsml. The stock of T7 was obtained from F.W.Studier (Brookhaven, N.Y.).
DNA manipulation procedures
Cloning procedures were accomplished by standard techniques (9, 12) . Plasmid DNA was prepared and purified as published (7) . Sequence determination of the cloned DNA fragments was done according to the dideoxy-method of Sanger et al. (13, 14) .
Plasmid constructions
Fragments containing RBS sequences were ligated to appropriate linkers and cloned into the vector (Fig. 1) . Fragments 19, 9, 19, 14 and 19, 21 were synthesized as in (15) . 45,37 was isolated from the T7 genome with BanI and TaqI and 45,30 with BanI and Bal31 as in (7, 9) . The other fragments were obtained by recombination over a Maelll restriction site from the corresponding upstream and downstream parts of the first five constructs. The 5 fragments with the short upstream region were ligated in the EcoRI and BamHI sites by deleting the 8 nucleotides (10) . Numbers underneath the sequence indicate the nucleocide numbers with respect to the start codon, the letters below the sequence give the linker derived nucleotides. Shine-Dalgarno sequence, start codon and downstream box are underlined. The fragment for the construction of plasm id pMS19,9 reached from nucleotide -19 to nucleotide +9, for pMS45,37 from -45 to +37 nucleotides etc. In general, the first number before the comma gives the number of the upstream nucleotides, the second number after the comma gives the number of downstream nucleotides of the cloned fragments in the constructs.
between both sites (16) . Their mRNA possessed 29 vector derived nucleotides at the 5'end. The other 5 fragments were ligated into the BamHI site of the vector (7), resulting in 37 vector derived nucleotides at the 5'end. All cloned RBS sequences were confirmed by DNA sequence analysis and were in frame with the dhfr gene.
Determination of protein and RNA synthesized
The in vitro assays in the coupled system were performed and separated by PAGE as in (7), except that proteins were labelled with 3-4 /tCi 35 S-methionine per assay. For in vivo determination, E.coli JM101 cells (8) were transformed with plasmids and grown in LB medium (9) . 2x 10 7 early log phase cells were harvested by centrifugation and resuspended in 0.2 ml medium. After induction with 0.2 mM IPTG, proteins were labelled with 10 jiCi 35 S-methionine (1.3 Ci//tmol) per assay for 45 min and separated by PAGE (16) . Quantitative evaluation of DHFR hybrid protein synthesis was accomplished as given in (16) .
RNA synthesis was determined in the coupled in vitro system as published (7).
RESULTS

Experimental strategy
Ten DNA fragments with TIR sequences of the T7 gene 0.3 comprising 5 different downstream and two different upstream regions ( Fig. 1 ) were cloned in a derivative of the expression vector pDS 1 just in front of the mouse dihydrofolate reductase gene (7) . Their translational activity was studied by determining the DHFR hybrid protein synthesis both in vivo and in vitro with these constructs as templates (Fig.2) . A quantitative evaluation of these results is given in Fig.3 .
Synthesis of DHFR fusion proteins
As shown in Fig.2 (lanes a) and in Fig.3 the vector does not show any production of DHFR protein, i.e. the mouse dhfr gene is missing a TIR active in E.coli. A 28 nucleotides long fragment as in pMS19,9 ( Fig. 1) showed only marginally significant activity (16),( Fig.2A and B, lanes b and Fig.3 ) although it contains all the elements assumed to be required for an active TIR: The ShineDalgarno sequence with an appropriate spacing to the start codon and a further 6 nucleotides upstream and downstream of these elements, respectively. Extension of the downstream region by another 28 nucleotides as in pMS19,37 increased the efficiency by about two orders of magnitude ( Fig.2A and B, lanes f and Fig.3 ). The main contribution to this increase in activity was accomplished by a sequence between nucleotides +15 and +30 ( Fig.2A and B , compare lanes c with e and lanes h with k). This was true for both sets of fragments with the two different upstream sequences of -19 or -45 nucleotides of the gene 0.3 ( Fig. 1 and Fig.2A and B, compare lanes b-f with g-1). Both in vitro and in vivo experiments gave the same qualitative results. Quantitatively, some variations were observed: The first half of the region between +15 and +21 nucleotides stimulated the translation efficiency in vivo more than in vitro where the entire sequence between +15 and +30 nucleotides was required for the strong stimulatory effect (Fig.3) . This difference might be due to the more perfect functioning of factors, enzymes, RNAs and ribosomes in living cells as compared to cell free systems. For the two sets of constructs, the entire region stimulated the activity by about a factor of 15. Increasing the downstream length from +30 to +37 nucleotides increased the TTR's efficiency by only a factor of 1.5 (Fig.3) . Extension of the downstream region to +55 nucleotides did not increase the activity any further. These experiments show that the mRNA sequence of nucleotides +15 to +26 (here called the downstream box) is extremely important for the efficiency of the TIR studied here. Interestingly, we found that it is complementary to nucleotides 1471-1482 of the 16srRNA (the anti downstream box). Similar results were obtained in some preliminary experiments for the T7 genes 1.3 and 10.
Besides the downstream effects, the upstream region between -19 and -45 nucleotides showed a stimulation of the TIR's efficiency by a factor of 3 -4 in vitro and by a factor of 1.5 -2 in vivo. In general, the effects were more pronounced in vitro than in vivo.
Transcriptional activity of the plasmids To exclude the possibility that the effects were due to differences in both mRNA synthesis and mRNA stability, we tested these parameters in the coupled in vitro system as previously described (7, 16) . All constructs gave the same results. No significant dependence of transcription on the efficiency of translation was found (data not shown).
Secondary structure elements A computer search (17,18) for secondary structural elements within the first 300 nucleotides of the mRNA did not reveal potential stimulatory or inhibitory structures with respect to the start codon or the Shine-Dalgarno sequence. The downstream box sequence was, in almost all cases (22 out of a total of 24 investigations in which mRNA sequences of differing length were analyzed) located in a loop structure, suggesting a possible interaction with other RNA's. (19) suggested that in the initiation process the ribosomes cover up to 29 nucleotides of the mRNA downstream region. Therefore, the downstream box of the T7 0.3 gene has a good chance to form a base pairing contact to the 16srRNA. This base pairing would be stronger (delta G= -12.8 kcal/mol) than the secondary structure within the 16srRNA (Fig.4a) (18) . For the calculation of the delta G values, only the double stranded base pairing regions were taken into account. The possible formation of knotted or other tertiary structures was not included. In a three dimensional model of the E.coli ribosome, the 16srRNA region in question is located in an exposed position on the surface of the 30s ribosomal subunit (21) . It seems to be involved in the ribosomal subunit association (1, 22) . Before this association occurs, it might be accessible for an interaction with the mRNA downstream box. Canonaco et al. (23) postulate two positions for the mRNA on the ribosomes in the initiation process, perhaps an indication for the two mRNArRNA contacts. The SI ribosomal protein is essential for the binding of mRNA to ribosomes (24, 25) . It is composed of two distinct domains (26) , with two potential RNA binding sites (27) and has helicase activity (28, 29) . It may therefore be involved in interactions of rRNA with both the downstream box and the Shine-Dalgarno sequence. Petersen et al. (30) postulated in a publication based solely on computer analysis of sequence data an interaction of mRNA downstream sequences with the 5'end of the 16srRNA. Crosslinking studies (31) have mapped this part of the rRNA and the anti Shine-Dalgarno sequence to opposite faces of the 30s ribosome. It is hard to imagine how these interactions might occur simultaneously. In contrast, the contacts proposed here occur in close vicinity on the ribosome surface.
DISCUSSION
Kang and Cantor
We have shown earlier (16) that the short fragment of the T7 gene 1.3 TLR has a high activity which might also be due to the influence of the downstream box. Its position in the gene 1.3 sequence is very close to the start codon and therefore partly located in the short fragment (Fig.4b) . Several other authors showed that mutations within genes, downstream from the start codon, resulted in an increase in translational activity. In most of these cases, the mutations increased the complementarity of the downstream boxes to the 16srRNA. These include the glnS gene from E.coli (32) , the lambda ell gene (33) , a modified form of the same ell gene with the introduction of a better downstream box (34), the galE gene from E.coli (35) and a sequence with a box inserted in front of the bGH gene (36) . In contrast, mutations in the lambda cIII gene (37) were not located within its 9 base pair box, but very close to it.
In addition, we have checked some other genes of E.coli and its phages T7, lambda, T4 and T5 for the downstream box. This investigation led to the conclusion that the anti downstream box in the 16srRNA spans 15 nucleotides from 1469 to 1483 (Fig.4a) . Some examples are given in Fig.4b . (G-U pairs were included besides the normal base pairs). Unfortunately, no absolute hierarchy of TIR's efficiencies has yet been published. The information about their translational activity was partly taken from other publications (10, 38, 39) presenting a relative rating of gene expression. The survey in Fig.4b shows that the distance of the 'i Tistream box from the start codon is quite variable. In contrast to the Shine-Dalgamo sequence, this region is located within the gene and is thus restricted by its coding requirements. This might also be the reason for the sometimes patchy homology of the downstream box sequences. Efficiently expressed genes usually show large complementary regions of 9-13 base pairs. The highly translated gene 10 of T7 even has two alternative boxes. All efficiently expressed T7 late genes possess boxes with 9-12 bases, whereas the early genes-especially the low expression ones-often have only about 6 such nucleotides. Moderately expressed E.coli genes, e.g. those of the RNA polymerase subunits, possess at least 8 complementary bases in their boxes. In all TIR's checked, we found at least 6 -8 nucleotides in the box complementary to the 16srRNA, at least 4 of which were in an uninterrupted array. All these observations, in addition to our experiments with the T7 genes 1.3 and 10, indicate that stimulation of the TTR by a downstream box as in the T7 gene 0.3 may be a general phenomenon.
For translation initiation, the start codon is absolutely necessary whereas the Shine-Dalgarno region is almost indispensable. In the lambda cl mRNA, the downstream box already starts within the initiation codon, perhaps the reason for it being active without a Shine-Dalgarno sequence (40) . Besides these essential parts of a TIR, additional stimulatory elements are needed (3). They might be optional or indispensable and reside in the tertiary structure of the mRNA or in sequences far downstream in the gene (7) or upstream of the Shine-Dalgarno sequence. The downstream box is absolutely required for the high translational activity of the T7 gene 0.3. Neighbouring sequences might stimulate by presenting the box sequence to ribosomes and rRNA for complex formation. The survey of other genes showed that the downstream box was present in all efficiently translated TTRs, suggesting that it is rather an indispensable than an optional element of these initiation signals.
